The degree to which the depositional environment influences recovery from a reservoir is a topic of some importance, but one that has not been thoroughly addressed. One of the most widely known and cited examples relating stratigraphy to recovery efficiency is the study of Tyler and others (1984; Tyler, 1988, updated in 1991 by Tyler and Finley). In this study, 450 major Texas petroleum reservoirs were evaluated (Galloway et al., 1983). They showed that average recovery efficiency could be closely tied to depositional environment and drive mechanism (Figure 1 ). Reservoirs composed of fluvial rocks with water drive, or solution gas drive, or gas cap expansion may have recovery efficiencies of 35-50%, whereas barrier strand-plain reservoirs with gas-cap expansion may be characterized by recovery efficiencies of 50-70%. However, because they plot recovery efficiency against drive mechanism and depositional system, it is still unclear which of these factors has more important influence on recovery efficiency. It is also unclear how other factors influenced recovery efficienciesfor example, fluid properties, permeability architecture, well count, or well placement.
ences recovery from a reservoir is a topic of some importance, but one that has not been thoroughly addressed. One of the most widely known and cited examples relating stratigraphy to recovery efficiency is the study of Tyler and others (1984; Tyler, 1988, updated in 1991 by Tyler and Finley) . In this study, 450 major Texas petroleum reservoirs were evaluated (Galloway et al., 1983) . They showed that average recovery efficiency could be closely tied to depositional environment and drive mechanism (Figure 1 ). Reservoirs composed of fluvial rocks with water drive, or solution gas drive, or gas cap expansion may have recovery efficiencies of 35-50%, whereas barrier strand-plain reservoirs with gas-cap expansion may be characterized by recovery efficiencies of 50-70%. However, because they plot recovery efficiency against drive mechanism and depositional system, it is still unclear which of these factors has more important influence on recovery efficiency. It is also unclear how other factors influenced recovery efficienciesfor example, fluid properties, permeability architecture, well count, or well placement. Thakur and Satter (1998) presented an integrated engineering approach to analyze factors affecting recovery efficiency, mostly by waterflooding. On page 1 of their book, they noted that recovery efficiency for the liquid and rock expansion recovery mechanism typically averages 3%, whereas recovery efficiency by solution gas drive is on average 20%, gas cap drive is 25%, water drive is 50% and gravity drainage is 60%. In their studies, they tested sensitivities of a number of factors to waterflooding through reservoir simulation ( Figure 2 ). Key factors they discuss are the importance of permeability heterogeneity, fluid mobility ratio, Kv/Kh (the ratio of vertical to horizontal permeability), and time of onset of waterflooding. More favorable characteristics for higher recovery efficiencies are early onset of waterflooding, homogeneous permeability populations, high Kv/Kh ratios, and high API gravities. Note that of these sensitivity factors, only permeability characteristics are related to the geology of the reservoir. Larue and Friedmann (2000) and Friedmann et al. (2000) presented results of waterflood simulations for a number of channelized reservoir architectures. In these studies, they varied net to gross, channel width and thickness, channel sinuosity, channel stacking and clustering patterns, and preserved channel elements (point bars versus channel fills), along with permeability architecture, and continuity length. They were able to confirm the results of Thakur and Satter (1998) , showing the importance of permeability heterogeneity and fluid mobility on recovery efficiency by waterflooding. However, for reservoirs of similar rock and fluid characteristics, recovery efficiency was not strongly impacted by different channelized reservoir architectures, typically less than 5%. There seems to be a discrepancy between the work of Tyler et al., in which depositional architecture may strongly influence recovery, and Larue and Friedmann, in which depositional architecture has only modest impact on recovery efficiency.
In the present study, we use six reservoir databases to assess the relationship between recovery efficiency and depositional environments, stressing the deepwater depositional environment. Our hope is to clarify the apparent discrepancy regarding the relative importance of stratigraphic architecture and depositional environment on recovery.
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How stratigraphy influences oil recovery: A comparative reservoir database study concentrating on deepwater reservoirs D. K. LARUE and YONGJUN YUE, ChevronTexaco Exploration and Production Technology Company, San Ramon, California, U.S. Tyler and Finley (1991) showing the relationship between recovery efficiency and drive mechanism and depositional environment. Thakur and Satter (1998) Because of the incomplete and unevenly distributed nature of the data in the reservoir databases, we have not used statistical tests of significance. Instead, we rely on semiquantitative trend analysis, logic, and our experience.
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Reservoir databases. Reservoir databases are tabulations and documentation of information about individual petroleum (that is, gas and oil) reservoirs and fields. They are used in both exploration and development/production studies. Early reservoir databases were published as atlases or with data summarized on attached disks. Modern reservoir databases are Web compatible and feature advanced search capabilities with export options to spreadsheets. For development/production studies, these databases are useful in investigating the possible relationships between oil recovery efficiency and other properties of an oil field, such as depositional system, drive mechanism, API gravity, and permeability.
Six databases were used in this study (Table 1) . These are: (1) the Major Texas Oil Reservoirs (Galloway et al., 1983; Tyler et al., 1984) ; (2) Table 1 that a number of publications draw from data provided by the MMS database. Deepwater reservoirs are the main focus of this study for three reasons. First, with the advances in technology to allow drilling and producing wells at essentially any water depth, the deepwater play has risen to the top of many major oil companies' seriatim of growth opportunities. Second, working in deepwater is extremely costly-outlays of capital can approach a half billion to a billion or more dollars. For proper business decisions to be made, a clear understanding of the petroleum reservoir is needed. Third, deepwater reservoirs can consist of relatively simple sheetlike deposits or architecturally more complex channel deposits. Given their economic importance, an assessment in range of recovery for deepwater reservoir should be useful.
Definition and uncertainty of recovery efficiency. Recovery efficiency, which is also widely called oil recovery factor, is defined as the ratio of recoverable oil to original oil in-place. In the six studied databases, it is called recovery efficiency (the Major Texas Oil Reservoirs, the Northern Gulf of Mexico Gas and Oil Reservoirs, and the Turbidite Field and Reservoir Database of Cossey & Associates), estimated ultimate recovery factor (Digital Analogs of the C&C Reservoirs), or recovery factor (the Significant Oil and Gas Fields of the United States).
Recovery efficiencies depend on field economics and reservoir management practices. Obviously, economic thresholds are different when comparing onshore with offshore, deepwater and ultra-deepwater reservoirs. Therefore recovery efficiencies will probably be affected as well.
Primary recovery involves the production of hydrocarbon from a reservoir using its inherent natural energy or drive. A solution gas drive is a natural drive, in which the presence of dissolved gas causes the oil to expand as fluids are produced and reservoir pressure declines. Primary recovery also includes recovery associated with gas cap expansion and natural pressure depletion. A water drive is a natural primary drive mechanism, in which the oil zone is in communication with a large active aquifer. Water drives are commonly described as strong, moderate, or weak.
Secondary recovery is the production of hydrocarbons, when, due to insufficient energy provided by natural drive processes, recovery is achieved by increasing reservoir energy and sweep by injection of water or gas. On the basis of the injected material, secondary recovery methods can be subdivided into three categories: water injection (waterflooding); gas injection; and water and gas injection.
Methodology and results. Typically, reservoir databases are used in the petroleum industry to find "reservoir analogs" to reservoirs being considered for development. Reservoir analogs may possess similar depositional environments, net to gross, well count, well type (horizontal versus vertical), fluid characteristics, and so on, based on the nature of the problem being addressed. Reservoir analogs are then used to predict and explain possible behaviors, problems, or anomalies in reservoir performance and productivity (Sloan, 2002) .
We have used the databases to address several questions regarding uncertainty in recovery from deepwater reservoirs. First of all, what types of recoveries are to be expected from deepwater-environment reservoirs? Second, are recoveries from deepwater-environment reservoirs different than from other depositional systems? Third, what other properties in the database can be used to predict recovery efficiency?
Relationship between recovery efficiency and drive mechanism. Figure 3 The lowest recovery efficiencies are associated with primary depletion (solution gas) with no aquifer support. P50 values for recovery efficiency range from 12-25%. P10 values for primary depletion range from a few percent to about 15%. P90 recovery efficiencies for primary depletion may be as high as 20-35%. Engineering studies indicate that recovery efficiencies by primary depletion that are greater than about 20% may be associated with weak aquifer systems, or when drive is assisted by gas cap expansion, where present. Note that the variability of recovery efficiencies for primary depletion for different databases may be in part due to the low number of samples available (<10).
In Figure 3 recovery efficiencies associated with drives other than pressure depletion/solution gas are typified by a p50 of about 33%, with a range of about 26-36%. P90 values for recovery efficiency by water drive, or secondary recovery with water, gas, or both, are in the range of 40-60% whereas the range for p10 recoveries is 5-25%. The variability of the p10 and p90 values is perhaps expected because of the limited number of data points defining the various populations, and because extreme values in populations are typically more varied than median values. However, the p50 recovery efficiency near 30% is very consistent for the different databases. This is somewhat surprising: Note that no information about the oil viscosity, API gravity, reservoir pressure, depth, or other information is given in these plots, yet the p50 values are very similar. Clearly, much of the p10 and p90 behavior are probably due to different rock and fluid property characteristics, though it is interesting that the p50 value is approximately constant.
Relationship between recovery efficiency and depositional environment. Drive mechanism clearly affects recovery efficiency, as demonstrated using the reservoir databases. Next, reservoir drive is kept constant and different depositional environments are varied. Figure 4 shows a plot of recovery efficiency by waterflooding and water drive for different depositional environments from the different databases. Again, the Galloway et al. and Tyler et al. data are from the same database, with the latter averaged by play type. Note that the p50 recovery efficiency for all environments shows ranges of 28-48%. The 48% recovery efficiency for deltaic reservoirs is anomalously high compared to recovery efficiencies from deltaic reservoirs captured in other databases. In general, it appears that the p50 recovery efficiency for all depositional systems produced by water drive and waterflooding is in the range of 28-42%, without much spread. P90 recovery efficiencies have a range of 35-65% and p10 recovery efficiencies 5-30%.
It appears from this plot that deepwater-environment reservoirs produce grossly similar recoveries as other depositional systems if the p50 recovery efficiencies are considered. Moreover, p50 recovery efficiencies are comparable for all depositional environments. The higher p50 recovery efficiencies for desert and deltaic depositional environments may or may not be significant.
Based on our comparative database study, there is no clear indication that depositional system is a strong factor in determining recovery efficiency. This statement appears to conflict with the observations of Tyler et al. (Figure 1 ). However, a closer look at Figure 1 illustrates that their studies do not clearly indicate that different depositional environments are characterized by different recovery efficiencies. In fact, recovery efficiency for different depositional environments as produced by the same drive mechanisms is not shown. For example, one might conclude from Figure 1 that deltaic reservoirs have higher recovery efficiencies than fluvial reservoirs. Careful consideration shows that recovery efficiency data from deltaic reservoirs are from water drive only, whereas recovery data from fluvial reservoirs are from water drive, gas cap expansion, and solution gas. Thus, in Figure 1 , the relationship between depositional environment and recovery efficiency is not clearly demonstrated.
Relationship between recovery efficiency and permeability, API gravity and field location. The relationship between recovery efficiency and reservoir permeability, API gravity and field location offshore or onshore is plotted from two of the databases (Digital Analogs and Turbidite Field and Reservoir Database) in Figure 5 . Individual point values are colored by recovery efficiency group. Best fit lines are shown for each recovery efficiency group. Although there is a general trend of increased recovery efficiency with increase in average permeability and higher API gravity, there is much scatter. The general positive correlation between recovery efficiency and API gravity has been shown in other studies. The origin of the relationship between average permeability and recovery efficiency may seem obvious at first but is actually more subtle. It is well known that permeability heterogeneity influences recovery efficiency, but permeability heterogeneity is a measure of variance of permeability values and is different than average permeability. Average permeability should only affect recovery efficiency if there are rate constraints, or time limitations. That is, the relationship between average permeability and recovery efficiency, with no knowledge of permeability heterogeneity, is a factor of project economics and time constraints on production. Apparently, recovery in an offshore setting is better than an onshore setting. Similar to the relationship between average permeability and recovery efficiency, the relationship between onshore or offshore reservoir locations may reflect project economics: that reservoirs produced in offshore settings are governed by different economics than onshore reservoirs and that higher recoveries are required for a reservoir to be economic. Can databases explain poor or excellent recovery efficiencies? An obvious use of reservoir databases could be to define downsides, or "worst case scenarios," or alternatively upsides or "best case scenarios" for reservoir analogs. With these goals in mind, we queried all databases for deepwater reservoirs produced by waterflooding or water drive that had produced poorly (less than 20% recovery efficiency) or superbly (greater than 50% recoveries).
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We did not learn much specific information from this exercise. Databases without specific text documentation could only be subject to interpretation of columnar numeric values. Databases with text information (Major Texas Oil Reservoirs, Digital Analogs of the C & C Reservoirs; Northern Gulf of Mexico Gas and Oil Reservoirs; and the Turbidite Field and Reservoir Database of Cossey & Associates) were investigated to discern whether prediction of recovery efficiency could be made. Either the reason the waterflood performed poorly was obvious (heavy oil, fractured low permeability reservoir, diatomite reservoir), or could not be discerned from available information. A common reason for poor waterflood performance is waterflooding a reservoir that has fallen significantly below bubble point. It was not obvious to us in our studies how to discern a waterflood in a pressure-depleted reservoir in the database. Clearly, additional research would be necessary to clearly find out what drove negative waterflood performance.
Causes of good waterflood performance were not obvious from the available data in the database. Characteristics of good waterfloods were moderate to high permeabilities, favorable API gravities, and possible presence of an active aquifer. However, other than these characteristics, it was not clear why the described reservoirs had performed well during waterflooding. Again, additional research would be necessary to clearly find out what drove positive waterflood performance.
Database comparison. The six databases we studied provided similar information about p50 recovery efficiencies from reservoirs but variation in p10 and p90 values that may be attributed to sparse sampling, or not differentiating reservoirs based on rock and fluid characteristics. In this section, we stress differences between the databases.
One of the clear issues about using the individual databases is terminology. For example, depositional environments are described differently in different databases. C & C Reservoirs divided the depositional systems into six major categories: coastal, fluvial, desert, glacial, lacustrine, and deep marine. In contrast, the Northern Gulf of Mexico Gas and Oil Reservoirs and the Significant Oil and Gas Fields of the United States adopted a nomenclature system from sequence stratigraphy, and divide the reservoirs into four major categories: progradational, retrogradational, aggradational, and submarine fan. This makes it necessary for interpretation on our part to compare database results. The Turbidite Field and Reservoir Database of Cossey & Associates contains only deep marine reservoirs and is subdivided into submarine canyon, upper slope, middle slope, lower slope, slope, intraslope basin, and basin floor environments. C & C Reservoirs also subdivided the deepwater setting into subenvironments, including slope/basin, submarine-fan channel, submarine-fan lobe, submarine-fan canyon, and slope apron.
Drive and recovery mechanisms may not be defined consistently between databases, such that interpretation is needed to compare results. The C&C Reservoirs and Turbidite Field and Reservoir Database of Cossey & Associates provided both natural drive and secondary recovery method information. However, the Northern Gulf of Mexico Gas and Oil Reservoirs, the Significant Oil and Gas Fields of the United States and the MMS databases provided information on primary drive only, which is divided into four major categories: water, mixed, partial water, and solution gas.
The databases would benefit from more detailed information about history of production, mobility ratios, permeability heterogeneity, more specific permeability, porosity and water saturation information, and so on. Production profiles are available for C&C Reservoirs, Turbidite Field and Reservoir Database of Cossey & Associates, and NGM; yet in some cases these production profiles could not be uniquely interpreted without information about start time of waterflooding, or information about when infill drills were completed and their number. If such information were available, more specific queries about reservoir behavior would be possible. Perhaps the lack of clear relationship between recovery efficiency and depositional environment could be tested in a more rigorous manner. Reservoir databases would be much more useful if data or interpretations were presented such that it was clear why a reservoir produced by waterflooding recovered only 15%.
Conclusions.
We have made a detailed study of recovery efficiency from deepwater-environment reservoirs as a function of drive or recovery mechanism, using information from a number of different databases. We conclude that if there is a difference in recovery efficiency associated with different depositional environments, we were not able to capture it. While it is clear that different depositional environments are probably characterized by different reservoir heterogeneities that may affect recovery, including connectivity, tortuosity, and/or permeability heterogeneity, we were not able to discern these differences using data from the reservoir databases. Instead, the only obvious features in the databases that clearly seem to influence recovery are average permeability, possibly API gravity, and whether the reservoir is onshore or offshore. Two of these factors, permeability and location, are related more to project economics than reservoir quality. That is, higher average permeability yields higher rate of recovery, but not necessarily a higher recovery overall.
We conclude that the different databases are all useful, and each database contains unique characteristics. Furthermore, the quality and amount of information available in the newer databases is increasing rapidly with time, while the new search engines make analysis user enabling. 
